Background: Alcohol dehydrogenase 3 (ADH3) plays major roles not only in alcohol metabolism but also in nitric oxide metabolism as S-nitrosoglutathione reductase (GSNOR). ADH3/GSNOR regulates both adipogenesis and osteogenesis through the denitrosylation of peroxisome proliferator-activated receptor γ. The current study investigated the contribution of ADH3 to the development of alcoholic osteoporosis in chronic alcohol consumption (CAC).
Introduction
Alcohol dehydrogenase (ADH; EC 1.1.1.1) catalyzes the oxidation of alcohol to acetaldehyde in alcohol metabolism. ADH3 (x-ADH, Class III ADH, or Adh5) is a member of ADH family that was initially reported by Haseba et al (1979) 1 and Parés 2 . It is highly conserved from bacte-activity 4 . With regard to alcohol metabolism, the activity of ADH3 towards ethanol is usually low due to its high Km; however, we reported an in vitro study showing that the hydrophobicity of the solution markedly lowered the Km of ADH3 to increase the catalytic efficiency (Kcat/Km) 5, 6 .
In addition, we reported that pyrazole insensitive-ADH, which was identical to ADH3, played a significant role in alcohol metabolism in cases of alcoholic patients with liver disease 7 . We have recently reported that ADH3
dose-dependently participated in systemic alcohol metabolism 6 and ADH3 liver content was significantly correlated with the rate of alcohol metabolism 8 . Furthermore, a recent study suggested that acetaldehyde generated by ADH3 in the hippocampus participated in the synaptic dysfunction in acute alcohol intoxication resulting in the development of alcohol-induced blackouts 9 . These studies revealed that the ADH3-mediated oxidative pathway of ethanol is an additional pathway, instead of the classical pathway mediated by ADH1 at high blood alcohol concentrations such as binge alcohol-drinking or chronic alcohol consumption (CAC).
In addition to alcohol metabolism, ADH3 serves an important regulatory function in nitric oxide (NO) signaling through the GSNO reducing activity 10 and is referred to as GSNO reductase (GSNOR) 4 . ADH3 regulates Snitrosylation of proteins by the degradation of GSNO, resulting in decreasing S-nitrosylated proteins 4, 11 . A recent study suggested that the peroxisome proliferatoractivated receptor γ (PPARγ), a key regulator of both adipogenesis and osteogenesis, is controlled by NO through S-nitrosylation. According to the study, the GSNOR-null mutant mice which were identical to the Adh3-null mutant mice exhibited decreased fat mass and increased bone formation accompanied by increased bone resorption 11 .
Alcohol consumption affects bone metabolism, bone mass, and bone strength. Light alcohol consumption provides several beneficial effects to bone 12, 13 , whereas heavy CAC is detrimental to bone and is known to induce secondary osteoporosis 13, 14 . staining was performed using a previously described method 17 . Briefly, the femur was fixed with 4% paraformaldehyde for two days, followed by fixation with 30%
sucrose for a week without decalcification. It was then embedded in the optimum cutting temperature (O.C.T.)
compound (Sakura Finetek Japan Co Ltd., Tokyo, Japan) and stored at −80 . Frozen sections (7 μm thick) were cut using the Kawamoto film method System (Applied Biosystems), as described previously 8, 20 .
The gene-specific primers were designed using Primer-3-Plus (http://primer3plus.com; Table 1 ). The data were analyzed by ABI 7500 Software version 2.3 (Applied Biosystems). The threshold cycle (Ct) values of the genes were normalized against that of β-actin using the 2 -ΔΔCt method.
Statistical Analysis
Results are expressed as means±SD. Statistical significance was assessed by the Student-Newman-Keuls method (ystat2013, Igaku-shoin, Tokyo, Japan) to determine the interaction of genotypes and ethanol effects.
The level of significance was considered at p<0.05.
Results

Baseline Characteristics of Mice
The WT (E) mice were significantly heavier than the Fig. 2A, 2C) , whereas no significant difference was noted in the TV (Fig. 2B) . Similar changes were observed in the WT (C) mice compared to the WT (E) mice ( Fig. 2A-C 
Cortical Bone Morphometry in the Middle of the Femur Diaphysis
The results of Ct.Ar, Tt.Ar, Ct.Ar/Tt.Ar, Ct.Th, Imin, and J at the central part of the femur diaphysis are shown in Figure 3 . The Ct.Ar and Tt.Ar were significantly higher in the WT (C) mice than the Adh3 −/− (C) mice (Fig. 3A,   3B ), whereas no significant difference was observed in the Ct.Ar/Tt.Ar and Ct.Th (Fig. 3C, 3D ). The Imin, and J were significantly higher in the WT (C) mice than the Adh3 −/− (C) mice (Fig. 3E, 3F) . The Tt.Ar, Ct.Ar, Ct.Th, and rigidities were decreased significantly in the WT mice after CAC (Fig. 3A-F) . No significant difference was observed in the Adh3 −/− mice after CAC in the cortical bone at the central femur diaphysis (Fig. 3A-F) .
Quantification of Alcohol Dehydrogenase 3 mRNA
The mRNA levels of ADH3 in the condyle were significantly higher in the WT (E) than the WT (C) mice (Fig.   4 ).
Discussion
Alcohol dehydrogenases are a part of the oxidoreductase family. ADH3 is considered to be the ancestral enzyme among members of the ADH family 3, 4 . It is distributed in almost all the tissues in mammals and strongly involved in the essential cellular pathways 3, 4 . ADH3 plays major roles not only in alcohol metabolism but also in nitric oxide (NO) metabolism as GSNOR 3, 4 . ADH3/GSNOR regulates both adipogenesis and osteogenesis through the GSNOR-mediated PPARγ denitrosylation 11 . The extent of PPARγ nitrosylation is governed by the equilibrium between nitrosylation and denitrosylation reactions 11 . Therefore, the role of ADH3/GSNOR in bone metabolism is to maintain the equilibrium between PPARγ and Snitrosylated PPARγ, regulating differentiation of MSCs into osteoblasts.
In the current study, we performed the histochemical Alcoholic osteoporosis is well recognized as one of the common alcohol-use disorders 23 . Numerous studies have Fig. 1 Histochemical images of TRAP/ALP activity staining. The activities of osteoblasts and osteoclasts were evaluated by TRAP/ALP activity staining. The photographic images were taken at 20X magnification and manually stitched together. The gray scale bars represent 2 mm. TRAP, tartrate-resistant acid phosphatase; ALP, alkaline phosphatase; Adh, alcohol dehydrogenase; WT, wild-type mouse (C57BL/6N); Adh3 -/-, ADH3 knockout mouse; (C), the mice were provided water in the control group; (E), the mice were administered ethanol in the ethanol group. reported that CAC lowers bone mineral content and bone mineral density and disrupts trabecular microarchitecture 13 15 . The effect of CAC on bone can be both direct and indirect 24 ; direct toxic effects resulted in the inhibition of osteoblast proliferation and function in vitro 25 and an increase in the number of osteoclasts 26 . Indirect effects are mainly linked to impaired nutrition and hormone alteration, which may change the activities of osteoblasts and osteoclasts 24 . Another consequence is tissue damage caused by secondary metabolites such as acetaldehyde. Several studies reported that acetaldehyde inhibited osteoblastic proliferation and activities 27, 28 and induced osteoclastic activities by increasing RANKL mRNA expression 29 . In the current study, the histochemical TRAP/ALP staining revealed that osteoblastic and osteoclastic activity showed no remarkable changes in WT mice after CAC; however, comparison of the CT-based bone densitometry in the WT (E) and (C) mice showed that bone mass or bone rigidity was decreased in both trabecular and cortical bones, indicating that alcoholic osteoporosis progressed in the current experimental condition. Díez et al. 30 reported that chronic alcohol abusers in the absence of severe chronic liver damage exhibited a significant decrease in BV and BV/TV, accompanied by an increase in osteoclast number. In comparison, the 14-month-old mice used in our experiment seemed to be too old to show an The current results suggest that the Adh3 −/− control mice exhibited a high turnover of osteoporosis since osteoclastogenesis dominated osteoblastogenesis; however, bone resorption was not enhanced after CAC. In comparison, CAC lead to alcoholic osteoporosis in WT mice, accompanied by increased mRNA levels of ADH3.
Hence, ADH3 can prevent osteoporosis development in normal ADH genotypes with no alcohol ingestion. However, ADH3 contributes to the development of alcoholic osteoporosis under CAC by participating in alcohol metabolism, increasing metabolic toxicity, and lowering GSNO reducing activity.
